Nitrogenous metabolites, cyclic adenosine 3':5'-monophosphate (cAMP), and the stage of culture growth all influence the levels of glutaminase A in Escherichia coli, but no variables in culture conditions alter the levels of glutaminase B.
Since the amide nitrogen of glutamine is used in the synthesis of amino acids, amino sugars, nucleotides, and cofactors, the enzymes which synthesize and degrade glutamine play a central role in cellular nitrogen metabolism (23) . In recent years there have been extensive studies of the enzyme glutamine synthetase which catalyzes the synthesis of glutamine.
L-glutamate + NH, + adenosine 5'-triphosphate -. L-glutamine + adenosine 5'-diphosphate + Pi L-glutamine + water -L-glutamate + NH, Escherichia coli contain two distinct enzymes which catalyze the hydrolytic deamidation of L-glutamine (8, 21) . These isoenzymes have been designated glutaminases A and B. Since glutaminase A is active below pH 5 while glutaminase B is active above pH 7, the level of each enzyme can be readily determined in crude extracts.
Glutaminase A has been previously studied by Meister et al. (15) and more recently by Hartman (8, 9) and Varrichio (28) . Their studies indicate the levels of glutaminase A can fluctuate with the stage of growth and the composition of the culture media. Our work has demonstrated that glutaminase A levels are regulated by cyclic adenosine 3':5'-monophosphate (cAMP) and nitrogenous metabolites (20) .
Much less is known about the factors which regulate the levels of glutaminase B (8, 20) . It is of considerable interest to examine the regula- from L-(U-4C)glutamine as described previously (20, 21) . Identical results were obtained when glutaminases A and B were assayed measuring the NH, produced as described in another communication (20) .
Asparaginases I and II were assayed by measuring the [14C Jaspartate-formed L-[U-14C I asparagine (21) . The [I4C ]aspartate was isolated by chromatography on Dowex-1-Cl and the radioactivity was measured in Bray solution with a Beckman LS 250 liquid scintillation counter. The asparaginase I assay solution (0.1 ml) contained 30 mM L-asparagine, specific activity 0.1 mCi/mmol, and 50 mM tris(hydroxymethyl)aminomethane-chloride, pH 7.8. The asparaginase II assay solution (0.1 ml) contained 0.1 mM L-asparagine and 50 mM tris(hydroxymethyl)aminomethane-chloride pH 7.8 (26) . The blanks contained no enzyme and all samples were incubated at 37 C for 5 min.
Protein was determined by the biuret method, with crystalline bovine serum albumin as standard (6) .
RESULTS
Effect of nitrogen supply on levels of glutaminases A and B. The regulation of glutaminase levels in E. coli was studied by examining the influence of nutritional conditions and of culture growth. Extensive studies with glutamine synthetase from E. coli indicated that nitrogen limitation resulted in derepression of enzyme synthesis and a low state of adenylylation, whereas nitrogen excess resulted in a repression of enzyme synthesis and a high state of adenylylation (27, 30) . These extremes of nitrogen metabolism were examined using low and high levels of ammonium chloride as the nitrogen source.
The level of glutaminase A is markedly changed by the stage of growth and the concentration of ammonia ( Table 2 ). The level of glutaminase A increases 10-fold as the organisms enter stationary phase if the culture (Table 2) .
Growth on L-glutamine showed a different pattern of control for glutaminase A. The levels of glutaminase A during logarithmic growth were two-to threefold higher with L-glutamate. As the organisms which were growing on 100 mM L-glutamine entered stationary phase the levels of glutaminase A increased 10-fold and continued to rise slightly. A fivefold increase in glutaminase A was observed with a lower level of i-glutamine (10 mM (Table 4 ). E. coli grown on 6 mM NH,Cl showed low levels of glutaminase A as expected and these levels were further diminished 50 to 60% by cAMP during all stages of growth. cAMP had no effect on the levels of glutaminase B.
In another communication (20) we have reported that 3.6 mM cAMP gave a half-maximal decrease in the level of glutaminase A and more than 60% of this decrease occurred within one generation. In addition, mixing experiments gave expected average values suggesting that inhibition of the enzyme was not an explanation for the effect of cAMP. The diminution of E. coli K-12 deficient in adenyl cyclase have low levels of endogenous cyclic AMP (19) . The levels of glutaminase A in these cells grown on excess and limiting ammonia were similar to those observed in wild-type E. coli at all three stages of growth that were examined. Addition of cAMP to the culture media reduced glutaminase A levels 60 to 80% during all stages of growth ( Table 6 ). The levels of glutaminase B in the adenyl cyclase mutants were not influenced by cAMP. Thus, the effects of cAMP on glutaminase A and B levels in these adenyl cyclasedeficient mutants were similar to those observed with wild-type E. coli. cAMP has been shown to bind to cAMP receptor protein (CRP) which regulates the initiation of messenger ribonucleic acid transcription by ribonucleic acid polymerase at the promoter region (3). The glutaminase levels of mutants deficient in CRP were examined as shown in Table 7 . The levels of glutaminase A in the CRP mutants were not altered by the addition of cAMP to the culture media. During logarithmic growth the glutaminase A levels in crp mutants were fourfold greater than those in wild-type E. coli. But in wild-type organisms, a rise in glutaminase A levels was observed when the crp mutants entered stationary phase in the presence of excess ammonia. Growth on limiting ammonia prevented this increase of glutaminase A in crp mutants as they entered stationary phase. Throughout stationary phase the levels of glutaminase A in the crp mutant were consistently greater than those observed for wild-type and adenyl cyclase-deficient E. coli. Again, glutaminase B was unaltered by cAMP.
Effect of other factors on levels of glutaminases A and B. The experiments presented above indicate that the glutaminase levels in E. coli are subject to regulation by nitrogenous metabolites and cAMP, whereas glutaminase B levels are unchanged. As part of an extensive search to find growth conditions which would alter the level of glutaminase B, the effect of anaerobiosis was examined on the levels of glutaminases A and B. The level of asparaginase II in E. coli has been shown to rapidly increase during anaerobiosis, but the mechanism of this increase is unknown (2). Asparaginase I and glutaminases A and B were unchanged (Table 8) . Table 9 summarizes a considerable number of culture conditions which were tested for their influence on glutaminase B levels. None of the nine carbon sources or five nitrogen sources listed had any effect on the level of glutaminase B. Varying the phosphate, chloride, iron, potassium, sodium, and trace metal content of the culture media also had no effect; and thiamine and various nucleotides did not produce any change in the level of glutaminase B. Aeration, pH, temperature, and stage of growth did not alter glutaminase B levels. Since glutaminase B levels appear to be independent of the variables listed above, we conclude that the enzyme is probably constitutive (16) .
In addition, glutaminase B levels could not be altered by adaptation or mutagenesis of the bac- L-Glutamine (5, 29) .
Control of glutaminase levels in other organisms by nitrogenous metabolites has been reported. In Pseudomonas an enzyme with both glutaminase and asparaginase activity is repressed by NH4Cl, aspartate, and glutamate and is increased by asparagine and glutamine in the culture media (13) . A similar enzyme with both activities in Achromobacteraceae is induced by glutamate (24) . Induction of glutaminases which are not associated with asparaginase activity in S. cerevisiae (1) and Clostridium welchii (11) by nitrogenous metabolites was not demonstrable. Glutaminase activities in Pseudomonas (14) and S. cerevisiae (24) rose early during logarithmic growth and were relatively constant during stationary phase. In contrast, the glutaminase of C. welchii, like glutaminase A from E. coli, increased markedly as the organisms entered stationary phase (8, 11) . It is noteworthy that in the glutaminase from C. welchii (11) the pH of the culture media could be maintained at 7 throughout growth without altering the regulation of glutaminase levels. Likewise, we observed that the rise of glutaminase A associated with entrance of the organism into stationary phase was not altered by varying the pH from 5.8 to 8. Hartman found that glutaminase A synthesis was increased twofold by allowing the pH of the culture medium to drop from 6.5 to 5.3 as the organisms enter stationary phase (9) .
Besides control by nitrogenous metabolites and the stage of growth, glutaminase A levels are also regulated by cAMP. In contrast to enzymes which are under catabolite repression (18) phase. The precise metabolic role of glutaminase A remains to be established.
In contrast to the 50-fold fluctuation of glutaminase A brought about by nitrogenous metabolites and cAMP, no growth conditions were found which influenced the level of glutaminase B. Since glutaminase B levels appear independent of the nutritional conditions of the culture media, the enzyme is said to be constitutive (17) . The labeling of glutaminase B as constitutive is precarious because the possibility always exists that there is a set of nutritional conditions which alters its level. Models for the control of constitutive enzyme synthesis include: a steady balance between inducers and repressors, the absence of repressor production, or the presence of only a structural gene with a "promotor" for the initiation of transcription (4, 17). In the case of glutaminase B we have no information as to the mechanism of constitutivity.
Recent experimental data on the regulation of glutaminase B activity and on the fluctuation of metabolite levels in E. coli suggest that constitutive control of glutaminase B may be very advantageous (10, 22, 25, 30) . When NH4CI was added to E. coli growing on a glucose-proline media, the ammonia was rapidly incorporated into L-glutamine resulting in a 20-fold increase of the amino acid within 1 min; concomitantly, intracellular adenosine 5'-triphosphate (ATP) levels decreased 90% (25) . Subsequently, the glutamine level returned to normal over the next 5 min and glutamate and ATP levels increased. The restoration of homeostasis after the near lethal exhaustion of ATP stores may be explained in part by the turning on of glutaminase B which is inhibited by ATP and activated by AMP. The deamidation of glutamine provides glutamate for ATP generation in the tricarboxylic acid cycle and turns off glutamine-dependent biosynthetic pathways which consume ATP. The rapidity of these events and the exhaustion of ATP stores make an inducible glutaminase B unfeasible in this situation and stress the importance of constitutive enzymes.
